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The synergy of biology,
intelligent systems, and
space exploration

Eric Mjolsness and Ann Tavormina, Jet Propulsion Laboratory, California
Institute of Technology

-rhe farther we venture from home, the more self-reliant v
need to be. This is as true in space exploration as it is in m
commonplace aspects of the human experience.

In recent years, artificial intelligence and intelligent sys-

tems have enabled the initial demonstrations of autonomoug,

capabilities on robotic exploration space-
craft! At the same time, intelligent system
have helped illuminate the means by whic
biological systems solve some of nature’s
engineering challenges. It is often where

disparate fields intersect that unexpected
and useful insights into nature and engine
ing arise. And so it might be with intelligen
systems, biology, and space exploration:

our deepening understanding of biology i

bustly in difficult environments farther and
farther from Earth.

Here, we will discuss some of the ways
that intelligent systems are advancing the
understanding of human and other genon
as well as the molecular regulatory mech:
misms for gene expression. We also extra|
late and speculate on space applications
could result from this new understanding
biology in such areas as human spaceflig
generating new ways to meet the challengegincluding space medicine and life suppor
of space exploration and both fields are| systems), NASAs search for life elsewher
increasingly dependent on advances in cgniastrobiology), and robotic spaceflight (big
puting. Directly and indirectly, intelligent | fabrication andn situassembly).
systems can spur advances in space system
engineering, letting us venture farther, perf Genomics
haps sooner, into the solar system and One of the most exciting things happen
nearby interstellar space. ing in biology is that a major community

The current decipherment of genetic effort—the Human Genome Project—an
information in biology is revolutionary. We | similar projects for many other species
stand at the edge of a deep understanding oére approaching their goals of acquiring
biology at the system level, brought about bynearly all the genetic information con-
fundamental knowledge of mechanisms andtained in the DNA of aViing cell. How
strategies played out at the macromolecularthis 1D sequence of information affects th
level. Understanding in detail how biological live functioning of a cell is also being
systems store and retrieve information, con-revealed by a second wave of new instrus
trol development, fabricate structural compomentation that quantifies the activity of
nents, build molecular machines, sense the thousands to tens of thousands of genes
external environment, reproduce and dis- | a collection of cells, as well as other
perse themselves throughout the environ-| genome-wide clues to cellular function.
ment, engage in error detection, and carry| The understanding of DNA sequence ang
out self-repair can pay big dividends to spaceellular function information at the full
exploration. This type of knowledge will let| genomic scale both depend on substanti
us build more autonomous, more “self- computational effort. This effort includes
reliant” space systems that can operate ro; special-purpose databases and pattern-
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recognition algorithms (central aspects of
'Vﬁoinformatics), as well as predictive dy-
\deevical simulations inomputational biol-
ogy. There is ample scope for intelligent
systems to make further contributions to
these emerging areas.
We already see major progress in se-
ence genomics and functional genomics
revolutionizing the molecular study of cells
in one species after another: numerous bag
teria, and within the last two years baker’s
yeast Saccharomyces cerevisggaa micro-
scopic multicellular wormG. elegany a
nefsuit fly (Drosophila melanogastgrand
a-very soon human beinggldmo sapiensto
pde followed by a more experimentally
thatanipulable vertebrate, a mouséus mus-
ofculug and at least one plarabidopsis
htthaliang). In each case, we can expect
t major improvements in our understanding
e of how these organisms really work as mol-
-ecular, cellular, and multicellular systems.
We are just beginning to understand the
technological implications of this cornu-
copia of new information.

Biology background: the central
ddogma and gene regulation
According to the central dogma of molec-
ular biology, DNA is the heritable genetic
material of the cell, which is transcribed into
RNA, an informational intermediate, which
eis then translated into protein (see Figure 1)
Usually, a specific gene (a heritable unit of
information encoded in DNA) directs the
production of a specific messenger RNA
imRNA) containing a subset of the informa-
tion in the DNA. A special molecule called
an RNA polymerase performs thianscrip-
1 tion step. The mMRNA in turn specifies a par-
ticular protein molecule that is created by the
almore elaborate processtrnslation
mainly performed by a large assembly or
complex of molecules called thibosome
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Transciption and tansldion together consti
tutegene @pressionthe action of agne in
producing potein molecules.

The poteins tharesult flom gene
expression a& \ery diverse in their bemk

cal and stictural propeties and can act as

individual actutors, sensos, medanical
structure elementsnotors, regulatory cir-
cuit elementsand c#alysts in the cell. &r
example a ciucial potein in nusde is
musde nmyosinof the nyosin-11 family,
which functions in ayclic manner analo
gous to an automobile eimg ¢/linder. We
can model it as héng several phases
including a paver stoke diven by enegy
from adenosine isthosphée (ATP) and a
recovery stroke tha readies it r the nat
power stoke. Ead myosin molecule can
“walk” along an ppropriate substate by
itself if kept supplied withATP for enegy.
In other words,myosin is a molecular
motor. Very large umbes of these motor
proteins ae oganized to act in concéfor
genesting eat and gery one of our ms
cle morements—sut as thoseaguired
for breghing.

A vely important and integsting ¢ass of
proteins thetransciption factors, provides
strong feedbak from the ealm of poteins
to the gnes Iy regulating the tansciption,
and thus thexgression and actiowof spe
cific genes (seeifure 1). For example
MyoD is a tansciption factor tharegu-
lates a mmber of other msde-speciic
genes and fteins. It can tgger an entie
program of cellular diferentigion (irre-
versible specializdon) to tun an imméure
cell in a deeloping mouse or human into
patt of a nusde cell. Transciption factos
thus cast gne &pression as aignt circuit
of genes egulating other g@nesWith very
few exceptions,mainly in the imnune sys
tem,the circuit does not alter theege
itself, because it doesnthange the @netic
information encoded in the DANlmolecule
The circuit simply affects vha molecules
are bound to the DN and theefore hav
the gene is gpressed in a pacular cell.
This gene-egulation circuit, composed of
mary interacting subciuits,is a hug
undaimed pize for scientifc undestanding

Thus eah cell is an amazingdaptive,
and phust mebanical and irdrmational
system athe molecular kel. The system
acts under the codination of genetic inbr-
mation tha has pobably evolved for robust
ness gainst mag kinds of stobastic ewi-

Biology and Al

This column maés the casef intelligent systems témology as an impdant component
of future space@loration systemsAs science mission$iang chamacter fom initial recon
naissance to contilous inteaction with @ best unceain and aworst unknavn in situ plane
tary environmentsspace systems will need tehgbit more completel the popeties of sur
vivability and eventuall, evolvability. Biological systems hae faced this ballenge over eons,
and the successfulguiucts of golution ae all anund us. Biolgy might be an in@asingy
relevant souce of inspietion for the design of futerspace systems. In thigiele, a computa
tional biolagist and a biopysicist from JPL &plore hav the vievpoints of biolay and atfifi-
cial intelligence in coming t@ether can povide unique leerage for adiressing the
challenges of spacex@loration as the fontier maves contimally outward.

—Ridard Doyle, Al in Space Editor

criteria. Genes and theikpression ag the
keys to undestanding and coraHing this
systemfor ary terrestial form of life.

An essential erigeeling aspect of mole
cular egulaory systems is theirt@amacter
istic timescaleTransciptional regulation
of gene gpression inolves the slev (1,000
base pas per mimite) constuction of long
polymers (MRMNA and ppteins) ande-
flects elatively long-tem decisions or
other stée information. Potein—potein
interactions sule as phosphetation and
noncwalent binding can also ppagate
regulaory information and ag nuch faster

(subseconds). Electithemical neal

information processing is\en faster (mi
liseconds)yet still very slov compaed to
artificial electonics.The elaively slov
timescalesdr molecular egulation ae
appropriate for regulaing constuction and
fabrication opeetions.

Data from nev kinds of instumentaion,
including 2D micparays (which measug
mMRNA gene &pression in tens of theu
sands of gnes siraltaneousf) and other
new technologies (which work at the po-
tein level) ae nav opening our ges to
detailed cellular contd medanisms gv-
eming the gowth and deelopment of bie
logical organisms.

DNA by proteins
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Figure 1. Genetic information encoded in DNA is transcribed to messenger RNA (mRNA) by RNA polymerase Il and

related molecules. mRNA is translated to protein by a ribosome consisting of a complex or assemblage of multiple RNA
and protein molecules (not shown). Some proteins (for example, MyoD in muscle) can then close the feedback loop by
hinding to DNA and regulating its transcription. Other proteins act as actuators, motors (such as muscle myosin), sen-
sors, structural elements, and regulators of protein state. In this way, the genetic information in DNA acts as a “pro-

ronmental ballenges,among other selection gram” that controls the machinery and circuitry of the cell, including its own actions.
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Intelligent systems

Intelligent systems arincreasingy
required for genomic d#a handling and
anaysis hut also br hypothesis disogery
and testingShotgun sequencing has aece
erated the human andit fly genome po-
jects andelies on lage-scale computing
to assemle mary small DNA sequences
into usale sequence da. This gplica
tion has gne far to caapult bioinforma-
ics into the dtical pah of mainsteam
biological scienceMary Web-accessile
sequence dabases pvide essential ga
tem recaynition sevices br working biolo-
gists. Genexpression de is commony
analzed using a arety of unsuperised
leaming tedniques intuding k-means and
other dusteiing algorithms,and self-oga-
nizing mas.The output of sutanayses
suggests usefullostess of related gnes,
introducing semi-autonted typothesis
discovery as a majorplication of intelli-
gent systems in biolgy.2

In the sharspan of adw yeas, bioinfor-
matics with intelligent systems gebilities
has become ttical to the deelopment of
biological scienceYet,the feld is extremely
dynamic and open to ftirer computtional
contiibutions if well informed ly biological
collaborations.

A core tetinology for genomic bioteb-
nology will be computéional modeling and
engneeing & the cellular lgel. A challeng
ing nav analag of computesided cicuit
design will be equird—the computer
aided design and optimittan of life & the
cellular leel. In cell designlike circuit
designwe mrust pedictively model corn
plex feedbak networks, modeldle to some
degree as lage spase systems of dmary
differential equéions with stobastic noise
added and optimiz them to meet speité
tions. Unlike circuit designhowever, we
must bejin by solving quite a dffcult sci
entific problem: modeling aspects of an
existing, comple biological regulaory
network tha has not been eigeered for its
undestandaility by human designer

Fortunaely, thete ae cell modeling and
optimizaion methods thawill work both
for cell design and tatfthe paametes in
cell circuit models to biolgical daa.We
can use sutcell optimizaéion methods to
fit genetic egulaory network models to
gene &pression d&* or to design sut
models to meet eimgeeling specifcations®
They must,however, be impioved to wrk

at the equired genomic scale

Becauseeproduction is one of the def
ing dtributes of lil, a ndural place to star
modeling and designing is with thgote of
cellular events ivolved in eproduction &

| the cellular leel. Mahemadical models a
available for key aspects of cellycle regu-
lation in a elatively simple eukayotic
specie$.Others hae considezd the mae
elaborate wiring of mammalian cellycle
contmol as a cicuit.

To meet thelcallenge of computtonal
cell designwe will likely require mary
other aspects of intellegnt systems tée
nology. Intelligent text mining of scientiic
literature will also likely have a ole, along
with intelligent planning systemsif labo-
ratory expetiments. Initialy, we could use
intelligent systems thianodel,designand
optimize cells on themund to sole the
space pplication problems we desdbe

Among space applications of
genomics, it’s a relatively
sure bet that space medicine
will benefit greatly, enabling
us to first understand and
then treat some of the main
health problems facing
astronauts.

later. Eventuall, however, the cell-biolai-
cal anaysis and design systems themsslv
might be placed onbodthe spaceaift to
meet the high demandsrfautonomous
function in \ery ambitious deg space mis
sions suh as intestellar pobes.

Space applications

Let’'s nav look & possilte goplicaions
in space of the cohfence of computer
science and biotéoolagy, as vell as some
of the futue missions thamight emply
suc caabilities.

Space medicineAmong spacelica
tions of ggnomicsijt’s a elaively sue bet
that space medicine will beriegredly,
enaling us to frst undestand and then
trea some of the main healthghlems
facing astnauts.

It is an incomenient &ct tha astonauts’
health delines slavly but inexorably in
spaceMicrogravity affects nusde and bone

in ways tha pose séous hallenges br

long-tem expeditions to Mas and other &f
planet destin#ons. For exkample astonauts
lose d&out 1% of bone mass per month spern
in microgravity. Microgravity musde &ro-
phy occus e/en faster People ae vulnee-
ble to nmuch higher spaceadigion hazads
than on Eah, raising the specter oadia
tion sikness and cancaspeciay in the
pregnancies gu would epect as parof
long-tem human gploration.

Happily, biotecinolagy is moving for-
ward quikly to adiress may of these
space health and medicin@plems.The
ability to measue and undestand the action
of expressed humareges in the bodat the
molecular leel (what they do, not just vha
they s&y) through the poteins thg male
will r evolutionize our &ility to undestand
problems like miciogravity-caused msde
atrophy and haev to trea or prevent it.

Because gnes a& the ley to all teres
trial life, we can gpect enamous pogress
against those medical conditions tinge
choose to xamine ly the nev gene gpres
sion tetinolagies. Other eakthough
technologies ae coming online as &ll;
only within the past gar or tvo, for exam-
ple, has it become posséto systemii
cally locae and measergene apression
in musde sdellite cells—the cellsaspon
sible for musde regeneetion following
injury in mammalsg.Measuing gene
expression in these cells opens up the-pos
sibility of undestanding ha they work in
adult human beings. Miogravity musde
atroply is one of a amber of elated nus
cle conditions and injues tha we should
examine with these metechnolagies. Sim
ilar efforts ae possike for microgravity
bone loss andvith more difficulty, space
radigion efects.

Cleaty, a computional undestanding
of space-elaed nmusde arophy, bone loss,
or cances might hae stong gplication to
terestial medicineWork in these aas
(especialy cancer) wedaps with
mainsteam biolgy and medicine and
spin-ofs ae possile in either diection.

Astrobiology. The next gpplication aea is
necessaly among the most spectilae
topics in scienceThe discwoeries of plan
ets in other solar systenwf,a possite
ocean under the ice on Bpa,and of a
histoly for water on Mas all bing the pos
sibility of nonterestial life doser to scien
tific investiggbility. To puisue the possie
discovery of sud life, we'll need to bing
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suiteble instumentaion to bear on solar
system sites and in telescopic spaictr
obsevations of etra-solar loctons.

But wha instumentaion or obsevation
would be apropriate for detecting @ices of
unknowvn forms of life? Clues can be had
from consideation of the gea diversity of
terrestial life and hhitats. Bacteial mats
and bioflms ae reldively macioscopic
stiuctures esulting fom inteacting behe-
iors of single-celled mkaryotic oganisms.

On Eath, endolithic oganisms leae
obsevable chemical tacednsiderocks,
including some fom de@ undeground
Visible spdio-chemical pttems in teres
trial rocks might aise from sud biolagical
origins kut can also be pduced ly a sur
prising variety of eiotic patem formation
medanismsWe will need detailed compu
tational modeling of hemical and biolgi-
cal reaction netwrks to diferentige
altemative biolggical and nonbiolgical
hypotheses and subject them to disér
naing obsevations. In this aga,a compu
tational, genome-wide undstanding of
terrestial organisms wuld be quite alu-
able. Itis believed tha liquid water mgy
have been sequestst under the suate
of Mars. Undestanding he endolithic
organisms mandst in terestial samples
will help us intepret dilled samples of
rocks we hope to bng bak somedy from
Mars for stug/ on Eath.

In addition, a computtional undestand
ing of the @olution of genomic-scaleagu-
latory networks will be essential to &ming
hypotheseslaout the oigins of terestial
RNA- and DNA-based lie and of etrater-
restial life if it is presumed to possess
some kind of moleculaegulatory cir-
cuitry. In terrestial life, entire regulaory
networks ae deally related to one another
evolutionaily; cross-species homaies
are a major lue to undestanding gnomic
daa and the cose of @olution.

Even if we find no nonterestial life in
our solar systenprepaling and gecuting
the seath will nevertheless adance the
undestanding of the agins of terestial
lif e and will possily endle us to eeng-
neer terestial life for other locéions as
well as to ceify that doing so ven't
destoy indigenous lie-forms elsehere.

Biofabrication and morphogenesisThis
application ara might hold the lbadest
interest br previously nonbiolgical eng-
neeing disciplinesA computdle under
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standing of cellular function is ity to
lead to molecular ergeeing of paticular
biological mehanisms to sok engneer
ing problems. Constiction of wood teeth,
boneshad shellsspider vebs,and mag
other méerals, minerals,and mebanical
structures poceeds biolgically by a pio-
cess of eolutionaily optimized gowth,
stating with molecular hilding maerials.

The same is tre, on a gander scale
for the constuction of nevous systems
andbrains.Morphagenesis—the genee-
tion of multicellular form by signaling
between cells thiacan gow, divide, and
specializ—couples with molecular assen
bly at the cellular and subcellular scale to
perform fabrication of organic mineral,
and computional stuctures in an
efficient, adgtive and optimizhle way
from elementar building units. Upon
injury, aspects of the delopmental self-
fabrication process can bestated to
effect iepair, resulting in aobust system.
At least one bactem, Deinoccocusadio-
durans exhibits stong radidion resistance
due perhps to poverful genetic epair
medanisms thiegenomic studies ar
revealing nav tha it has been sequencéd
These &brication and epair cpabilities
are potentialy valueble propeties of a bie
fabrication tedinolagy govemed ly genetic
and otheregulaory networks.

For robotic spacexploration missions,
there ae orerwhelming easons to lear
from biofabrication and biolgical eng-
neeing. Perhgs dief among theseeasons
is the launb massequired to esthlish a
self-sustaining indusal presence in space

Cument space enigeeling projects ae

h

critically limited in scale and ambitioryb
the requirement thatheir full mass be
launched fom Eath. A systeméc altema
tive is to launh fabrication tedinology tha
can malk use of minexl and meerial
resouces on lav-gravity inner solar system
bodies suls as ast@&ids,moons,or even
Mars. But the mass of mafactuing
equipment is itself mhibitive when you
consider all stes,including paver geneg-
tion, required to poduce a useful itemyb
corventional means. In jrciple biofabri-
cdion offers a \ery low-mass &brication
altemaive, and so is thedy to laige-scale
space enigeeing projects.

Because the nontesstial solar system is
rich in mineal and enggy resouces,the
ideal way to run a solaisystem-wide ecen
omy might be to ke most of the people on
Eaith (where we enjy the lagest terestial
ervironment thacan be gpected ér cen
turies or millenia)beam up indrmation
sud as industal designsplans,and en
crypted command suites into a selar
system-wide indusil comple, and
receve high-alue fnished @ods though
automéaed one-vay descent Binspots man
ufactued in spaceEath would also eceve
massie retum informaion feeds ér sci
ence engneeing, entetainmentand so on.
The solar system ergrand méernals
mobilized ky sud infrastucture would also
suppot big space mjects sub as ceding
a launder for inteisellar ppbesThis sce
naiio minimizes the equirement ér laund
mass becausevi people need to beains
ported into spacdout it would still require
an enomous undeaking to lift whole
industies (induding constuction equip
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Figure 2. Interstellar exploration mission concept using solar sail.

ment and asserhplines) up fom the Eath.

The poblem is thawe ae thinking non
biologically. Plants sprad their sophisti
cated dhemical entneeing opeetions
throughout a hiitat by usingseeds—
genetic inbrmation, plus an asolutey min-
imal physical and eneggetic stating point.
The lest of the mass and eggffor making
a nav plant comes im local méerials
wherever the seedggminaes.Animal
reproduction can et a little less compact
and tidy, but is still vastly betterthan un-
ning a gant, billion-dollar fab line to mak
small silicon dips.We cant afford to
laundh fab lines or constrction madin-
ery-building factoies from Eath; com
puter dips and hlldozers must bebuilt or
grown in place using locaésouces What
should come fsim Eath instead is small,
affordable “seeding”’spacecaft and a con
tinual steam of design imrmation. This is
whetre the enanous adlantage of hanessing
biological derelopmentould enter into the
space-enigeeing picture.

As one &ample consider griculture.
On Eath, the gowing tips of plants—the
plantmelistems—are the souwe for neaty
all human bod (and a indirectly the
souce of all of it) andiber, of all of our
cellulose (and thusyon and pper, for
example) and of substantial quantities of
chemical Eedstoks, phamaceuticalsoils,

waxes,and &en perfumes and cosmetics.

Future geneticaly modified plants might
be &le to poduce pecusors for plastics.
This is the kind of tdmnolagical base &
need to estdish local,self-sustaining

industly in spaceat whaever level of hu
man pesence turs out to be most useful.
And, of course plants and oceanic alg
produce aygen from carbon digide, as is
crucial to all animal lié on Eath. If we can
contol plant deelopment athe level of
gene @pression cicuitry, as nev seems
very likely, we can modify plants to apa
to alteed conditions in geenhouses
throughout the solar systelemnd moe
importantly, to produce ne chemical Eed
stoks required by local industy with a
minimum of investment in laurfing mas
sive caital equipment.

The biogbrication route to manfactur
ing has dawbads as vell. Living cells ae
not good metallugists; thgg compute elec
trically with masasie, slow ions rther than
low-massfast electons; and thg have
rotating motos & the molecular scaleub
not & larger scales. Blending bialbrica-
tion with curent mamfactuing tednolo-
gies will present quite almlleng. One
option is to imitée mophogenesis with
larger electomedanical or obotic analgs
of celld rather than eengneeing actual
living cells.This pah essentiajl gives up
on moleculasscale assentp and its adp:
tive and golutionar optimizaion. Pefer-
ably, we can gneticaly engneer potein
caalysts thaperform unbiolaical solid-
phase assemptasks.

Futur e space gploration mission con
cepts. How we choose to caitalize on our
growing undestanding of biolgical med-
anisms—diectly, indirectly, or in a meta

phoiical sense—dr the benéf of space
exploration, depends on the pacular
problem being adressed

Space missions thus daked could in
clude long-duation outposts in the solar
systemwith a high etio of robotic to
human occupantas might be optimabf
challengng space erironments. BottAl
and biotebnology could be bought to bear
on the pbotic as well as the human ele
ments of the missions. Space medigcine
astiobiology, biofabrication, and autonom
could hae reads uses if the jppropriate
investments in témology development
had been made and ttesults infused into
mission plans edy.

Exploration of the possile ocean under
the ice of dipiter's moon Euvpa will
require signifcant autonom tedhnology
and can also beriefrom adrances in
astiobiology. Explortion of Sdurn’s moon
Titan,which might hae hydrocarbon
oceanscould likewise benéf from these
same telenolagies.

Demandinglong-tem robotic missions
to far outer solar system objects (8u&s in
the Kuiper Belt or OarCloud) and inter
stellar missions wuld benei grealy from
the kind of adical self-epair and molecu
lar-scale optimizéion tednology that
advances in biadbrication and autonom
are likely to provide.

As an etreme gample of aplying bio-
fabrication to spacexploration, consider the
solar sail pproad to intestellar spaceet
design (seeiBure 2). It should be possito
get & least asdr avay from the Sun as the
interstellar medium (@200Astronomical
Units, or Eath-Sun distance unitsyhusing
extremey lightweight and sting light-
reflecting maetlial surfaces actiely con
trolled by a small lav-power spaceaft over
along duation1° Such a mission wuld
requile a high dgree of autonoyt! and
would be most ééctive if the sail and other
components are self-epaiiing under the
rain of cosmicadigion and moleculdy
optimized for their mebanical popeties.
Thus the solar sail could bgrown” using
future biotetinolagy tha incomporates the
best popeties of spider \&bs,flagella,and
other biol@ical stuctures.

One ambitious elzoration of the solar
sail mission design euld require high-
power atificial directed adigion souces
to acceledte the spaceaft.l2 Suc souces
would be \ery substantial space-einger
ing projects,perhas enaled by biofabri-
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cdion andin situassemly. These and
relaed mission congss could lead to
remote stellarlf/bys or &en endezous a
the neagst star systems madecades dm
now. If these star possess planets tha
could be gplored by landing they would
provide the ultim#e goplication for biolog-
ically self-fabricating seeding spacesit.

Long bebre we kuild probes thavisit
nearly stas, the synegy of biotedinology
and intelligent systems is lidy to redefne
the tedinologies of spacexloration. We
have discussed potentigbplications in
robotic and human spadight, astiobiol-
ogy, and the deelopment of the solar sys
tem. By considéng the tetnical dhal
lenges and potential yaffs of the synagy
between enmeeing and golved biolai-
cal designye can boaden and peripa
redirect our thinking bout the essential
tedhnologies with which we will transbrm
our world and &plore the unierse &
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